With the aim to produce a detailed structural map and then enhance the geological information of the south-western Cameroon, a field gravity study is carried out in the Kribi-Campo-Ma'an area (SW Cameroon). This study area is assumed to undergo pending active tectonics as witnessed by several earthquakes [1] . Besides, the area has been affected by some shears that gave rise to many major faults including the Kribi-Campo Fault (KCF). This N-S lineament is an active fault corresponding to the NW margin of the CC [2] [3] and related to the development of the Kribi-Campo basin. The gravity data analysis enables to highlight many deeply-seated structural features trending in the NE, NNE, N-S, NNW, NW and E-W directions in this region. The NW-SE trend is more strongly developed than the other identified trends and could have deeply affected the major NNE structure. The NNE-SSW to N-S fractures and faults which are local relays of the Kribi-Campo fault are related to the Kribi shear zone. The fairly good clustering observed on local maxima of the horizontal gradient magnitude enables to suggest that the contacts outlined have vertical to subvertical dips. However, a probable interpretation of these features is that they are vertical to subvertical faults which follow the aforementioned directions. The location of the study area in the gulf of Guinea suggests that it sustains tectonics related both to the equatorial and the south Atlantic oceans opening.
Introduction
The current study investigates the transition zone between the NW margin of the Congo Craton (CC) and the North Equatorial Fold Belt (NEFB). Indeed, though the CC formations dominate the area, many authors [4] - [6] additionally invoke the thrusting of the NEFB over the CC which was confirmed by [2] . The area is assumed to undergo pending active tectonics as witnessed by several earthquakes [1] . Besides, the study area has been affected by some shears that gave rise to many major faults including the Kribi-Campo Fault (KCF). This N-S lineament is an active fault corresponding to the NW margin of the CC [2] [3] and related to the development of the Kribi-Campo basin. All these results correlate with the regional scale geology, although some miscellaneous obscuring points remain and should be checked.
With the aim to produce a detailed structural map of the area, a ground gravity study is carried out in the Kribi-Campo-Ma'an area (SW Cameroon). The interpretation of gravity data is one of the most efficient methods to detect buried features, for it indicates some important structural features that will not be able to follow through using morphotectonical tools. Linear anomalies are important in the interpretation of gravity data, because they indicate some important structural features and contacts. We focus the interpretations on the strong contrasts (gradients) exhibited by the Bouguer anomaly map, in order to infer zone of discontinuities such as faults, dykes and flexures. For the present study, two combined methods are used, they are both useful in simplifying and focusing on the complex pattern of anomalies over their source. This consists in a prior interpretation of the Bouguer map followed by an analysis based on the horizontal gradient coupled with the upward continuation methods. The combination of horizontal gradient coupled with upward continuation revealed consistency in detailed studies and led to the delineation of major geological structures and tectonic lineaments [1] . These serve as edge-detector and geometrical analysis tools. Many previous geophysical studies [1] [2] [7] - [12] provide useful geological knowledge information, but the detailed geological information of region is still to be improved. The purpose of this work is to use a multi-scale analysis of gravity data to enhance the previous results and give a precise lineament mapping in the Kribi-Campo region.
Geological Setting
The study area is located in SW-Cameroon between latitudes 2˚00'N -3˚00'N and longitudes 9˚45'E -10˚45'E ( Figure 1 ). The area is totally underlained by the Ntem Complex formations and occurrence of Panafrican terrains evolving at the NW margin of the Congo Craton. The Paleoproterozoic elements are represented by the Nyong Unit [1] [6] . The Archaean formations that constitute the basement are mostly charnockites, Figure 1 . Simplified geological map of the SW-Cameroon [6] [19] . 1: Archaen Basement; 2: Neoproterozoic cover; 3: Neoarchaen-paleoproterozoic cover; 4: Post Panafrican cover; 5: Thrust fault; 6: fault.
greenstones belt rocks and potassicgranitoids [2] [7] [13] .
The previous studies have revealed that the area mainly underwent brittle deformations related to multistage compressional and extensional tectonics that give rise to major faults. These are mainly characterised by the Kribi-Campo Fault (KCF) system which is herein defined as a continuation of the Sanaga Fault [1] - [3] [14] [15] . Other studies [16] [17] supported by [18] also link the KCF to an offshore fault system known as the Kribi Fracture Zone inferred as the eastern end of the Ascension Fracture Zone settled during the W Gondwana break-up.
The gravimetric modelling along a SW-NE profile passing through Kribi and Lolordorf shows that the thickness of the upper crust is approximately equal to 18 km [2] [8].
[2] presented a 2D model of resistivity according to a profile which begins substantially at the end of the SW negative gravity anomaly contours of Bipindi and covers 3/4 of the anomaly zone in the direction of the NE-SW elongation. This 2D resistivity model has two resistant blocks separated by the less resistant rocks. The approximate location depth of roofs and bases of both resistant blocks was 1 km and 14 km, respectively.
Upward from the base, the right end of the western block dips SW while the left end of east block dips the SE, indicating in each case, a gradual uplift from 14 km to about 8 km depth [2] .
Materials and Methods

Gravity Data
The dataset used for the current study is a combination of recent and historical data. The recent data have been collected in March 2015, using a Lacoste & Romberg G-823 gravimeter. The historical data come from 183 gravity stations that are part of the dataset collected by ORSTOM in 1967. The recent dataset corresponds to additional 223 gravity stations realised in the Kribi-Campo-Ma'an region (which until this gravity campaign done, was not covered by ground geophysical studies). This led to a resulting dataset of 406 gravity measurement sites.
The recent geophysical campaign involves two collecting data profiles, along the N-S and W-E direction as well. The N-S survey profile follows the coastal Kribi-Campo road while the W-E (perpendicular to the first) was realised from Campo to Ma'an, passing through the Memve'ele hydro-electrical dam site. The distance between different stations ranges from 0.5 to 2 km (black circles on Figure 2 ). The base station was Figure 2 . Bouguer gravity anomalies map of the study area with distribution of the measurements stations. Yellow circles represent the recent dataset and black triangles, come from the Orstom's dataset. set at Kribi, as for past gravity campaigns [20] [21] , in order to increase the accuracy of these new collected data and also, because the Kribi base station is linked to the international base station of Douala. The irregularities in the distribution of the gravity points are due to the difficulties in accessing the area, which belongs to the tropical rain forest. Before merging data, the recent measurements were corrected from the luni-solar tidal effects and instrumental drift (herein assumed to be linear in time). Free-air and Bouguer reductions based on a mean density of 2.67 g/cm 3 were applied and the simple Bouguer anomalies have been derived. The resulted Bouguer anomalies are the basic data used in this study context (Figure 2 ). Since data was collected onshore, the sea-data have not been included in this study. The simple Bouguer anomaly map (Figure 2 ) of the region is obtained after interpolation by combining the existing data set and the one collected during the 2015 campaign, and then applying a minimum curvature gridding algorithm implemented in Oasis Montaj 8.0 software. The Bouguer anomaly values in the grid are encompassed in the −68.7 mGal −2.0 mGal interval.
Methodology
This study applies the horizontal gradient technique to upward-continued gravity grids at various heights, in order to assess the peaks in the concerned grids. The technique is referred to as the multiscale analysis [9] [22] . It appears straight forward that the base analytical tools are the Upward Continuation (UC) and the Horizontal Gradient (HG) methods. In addition, we performed the 3-D Euler Deconvolution in an attempt to find depth to basement of investigated lineaments.
The Upward Continuation (UC)
It is shown that to investigate large geologic features in the region, gravity data were generally upward continued to nominal elevations [23] - [25] . The upward continuation (UC) consists in recalculating a potential field measured on a given observation plane at a given height to an observation plane at a different height [26] [27] . The equation in the wave number domain filter to produce UC is simply:
where h is the continuation height and ω is radial frequency.
This function decays steadily with increasing wave number, attenuating the higher wave numbers more severely, thus producing a map in which regional features predo-
The Horizontal Gradient Magnitude (HGM)
The horizontal gradient is an operation that measures the rate of change of a potential field in the x and y directions [29] in order to image subsurface structures. However, the total horizontal gradient magnitude (HGM) is preferred. HGM operator is defined by the relation below:
where G is the Bouguer gravity field.
The horizontal gradient method was used to locate the boundaries of density contrast from gravity data [29] [30] . These results mark the top edges of gravity or density boundaries. Thus, the maximum value of the horizontal gradient anomalies is placed on top of the sources edges. However, offsets occur when edges are not vertical or when several anomalies are close together. The biggest advantage of the horizontal gradient method is its low sensitivity to the noise in the data, because it only requires calculations of the two first-order horizontal derivatives (x-and y-directions) of the gravity field [31] - [33] .
Once the Bouguer grid is upward-continued at a given height, the HGM filter is applied to the resulting grid then local peaks are extracted. The extraction of local peaks (maxima) is performed using [33] approach. The upward continuation processing of the Bouguer gravity map at various altitudes, followed by horizontal gradient maxima computation for each level yielded these maxima. The progressive migration while increasing upward continuation height indicates the dip of features outlined [1] [9] [34] .
The technique, referred to as the multi-scale horizontal derivative (MSHD) analysis, has been applied to upward-continued Bouguer map of the Kribi-Campo area at five heights: 2, 4, 6, 8 and 10 kilometres.
3-D Euler Deconvolution Method
The application of Euler Deconvolution acknowledged many significant advances since its introduction in geophysics, as interpretation tool for potential field data by [35] . In the current study, the 3-D Euler Deconvolution tool was used in an attempt to find depth to basement of investigated lineaments. This technique provides automatic estimates of source depth-location. Indeed, the 3-D Euler Deconvolution creates a solution set from grid dataset containing proposed sources which "explain" the grid's anomalies.
It calculates location, depth below sensor and reliability for each solution as well as error estimated in the form of standard deviations. Therefore, 3-D Euler Deconvolution is both a boundary finder and depth estimator [35] [36].
The original 2D method was adapted for use, as a grid-based method by [36] based on the Euler's homogeneity Equation (3):
where B is the regional value of the gravity field and (x 0 , y 0 , z 0 ) is the position of the causative source which produces the field M measured at (x, y, z). N is so called structural index. For each position of the moving window, an over-estimated system of linear equations is solved for the position and depth of the sources [35] - [37] .
The most critical parameter in the Euler Deconvolution is the structural index, N [35] . This is a homogeneity factor relating the potential field and its gradient components to the location of the source. Essentially, N measures the rate of change of the fields with distance from the source (fall-off-rate) and is directly related to the source dimensions. Therefore, by changing N, we can estimate the geometry and depth of the gravity sources. A poor choice of the structural index has been shown to cause a diffuse solution of source locations and serious biases in depth estimation. Both Thompson [35] and Reid et al. [36] [37] suggested that a correct N gives the tightest clustering of the Euler solutions around the geologic structure of interest. For gravity data, physically plausible N values range from 0 to 2.
On the same previous Bouguer grid, the 3-D Euler Deconvolution is applied for a given structural index N to automatic estimate of source depth-location. The results comparison of this MSHD and 3-D Euler of the Bouguer help to provide a precise lineament map. which enabled to fill the grid dummies. It is characterized by gravity values ranging from −68.7 mGal to more than −2.0 mGal. This is in accordance with the fact that gravity data have been collected onshore (and by the fact that the continental crust is less dense that the oceanic crust).
Results
Bouguer Gravity Anomalies
The Bouguer map displays three main types of gravity anomalies over the study area. The general disposition of anomalies on the Bouguer map from the study area shows a decrease in the anomaly field values from the west to east. This corresponds to a decrease in density from west to east. We therefore assume that formations to the west are denser than those to the east, as we move from the shore to the hinterland.
Upward Continuation of Bouguer Gravity Anomalies
The upward continuation of the gravity field at increasing heights highlights the gravity effect of deep sources. This is because upward continuation suppresses the signals due to small, shallow bodies [38] .
The map above (Figure 4) shows the Bouguer gravity anomalies map upward continued to 10 km from the study area. Although continuations are realised for various heights and used in the subsequent sections, the Figure 4 This proofs that, they are also regional anomalies probably caused by deep or regional basement structures.
All these gravity anomalies tend to expand as the upward continuation height increases. The heavy anomalies trend broadly N-S. Besides there is a NW trough observed on both maps (Figure 3 and Figure 4 ) probably caused by faulting processes.
Horizontal Gradient Magnitude (HGM)
To enhance lateral boundaries of density contrast in potential field data, we calculated the horizontal gradient of the Bouguer gravity anomaly. The horizontal gradient of the Bouguer anomaly data was calculated in the frequency domain and its amplitudes provided the horizontal gradient map presented in Figure 5 below. The horizontal gradient magnitude map obtained enhances some short wavelength features and highlights areas with steep density variations, which could be interpreted either as faults, geologic contacts, or as intrusive formations as well. It is observed that the pattern of the high gradient anomalies is broad, not like sharp ones of ideal vertical boundaries of density contrast.
Analysis of the whole horizontal gradient magnitude map ( Figure 5 ) highlights To sum up, the appearance of the horizontal gravity map ( Figure 5 ) suggests that the study area underwent an intense tectonic activity that affected its basement. This tectonic activity is testified by the fault and fracture occurrences which are represented by elongated high gradients; many intrusions represented by close-contoured high amplitudes anomalies. The horizontal gradient map shows that the west to centre of the study area is strongly marked by that brittle tectonics more than the eastern side.
Accordingly with the geological information, in the whole map, the gravity gradient highs, are bounded by relatively steep gradients. The presence of high gravity gradients, which occur over these basic rocks, suggests the existence of a suture zone between two blocks of the crust or the existence of dense mantle rock or uprising of some mantle materials in these places. It might also represent the thinning of upper crust due to the mantle materials uplift. Then, a relative elongated high gravity gradient anomaly at the north-western and middle southern portion could be due to the uplift of deeper mantle materials, dense than the surface materials i.e. seems to represent the signature of dense mantle materials or rocks in this zone. This zone with a strong gradient could also corresponding to contact or fault structures.
In addition, the relative low gradient value also highlighted on the horizontal gradient of the Bouguer gravity anomaly, might indicate the presence of lower density materials. It uplifts zones of high and moderate gradients. The long linear gradient anomalies are indicative of intra-basement faults or crustal block edges.
Edges Detection with the Horizontal Gradient Magnitude Maxima
The maxima of the horizontal gradient of a the Bouguer anomalies shown in Figure 6 below help to locate contacts associated with abrupt changes in density and the mul- give the locations of the large density contacts. The steepest horizontal gradient of a gravity anomaly will be located directly over the edge of the body if the edge is vertical and far away from any other edge or source [40] .
The maxima of the horizontal gradient of the Bouguer anomalies showed in Figure 6 below exhibit most structures features as faults/fractures and geologic boundaries. The linear local peaks of horizontal gradient magnitude trending in NNW, NNE and N-S directions. While the circular disposition of local peaks of horizontal gradient magnitude occurred at the west side present the southward extension.
Multi-scale edge mapping is a process of edge detection in potential field data. During the process, the positions of gradients maxima are detected across multiple heights of upward continuation. The multi-scale analysis horizontal gradient map is obtained by showing the maxima from various levels on the same plot. The offsets observed on the arrangement of maxima inform about the dip of the structure outlined [41] [42] . Figure 7 below is the multi-scale edge map from horizontal gradient of upward continued Bouguer anomaly map from 0 to 10 km height respectively (colour description is provided with the map of Figure 6 ). The analysis of the multi-scale map (Figure 7) below enables to outline many geological features, especially lineaments. According to Figure 8 , the map enables to highlight many lineaments. The features outlined correspond probably to the major elements that affect the basement. These are lineaments which follow the E-W, N-S, NE and NW directions. However, the NW directions are the more represented. Some of these lineaments are consistent with the features outlined from the Bouguer anomaly map (Figure 3) .
The lineaments highlighted on Figure 7 can be interpreted as contacts or faults, though the interpretation as contacts seems more consistent. The multi-scale analysis shows that most the local maxima plotted are clustered along well designed lines. In Figure 7 . Superposition of the maxima of the horizontal gradient magnitude at various altitudes. Local peaks are represented by proportional colored circles. addition, these maxima don't appear to be much offset from the cluster lines outlined.
These allow us to interpret the lineaments as contacts, whose directions are E-W, N-S, NE-SW and NW-SE (the dominant directions being NW-SE and N-S as shown on the map from Figure 7 ). The good clustering or few offsets observed on local maxima enable to suggest that the contacts outlined have vertical to subvertical dips. However, probable interpretation of these features is that they are vertical to subvertical faults which follow the aforementioned directions.
In Figure 8 , there is a major lineament that occurred at the Akom II North-eastern side which could be interpreted as the contact. In the other hand, this major lineament seems to be a buried fault named F1, directed NW-SSE. The same observations are made at Campo (fault F6) and Kribi (F8 and F9 faults) neighbouring. The anomaly at Bipindi could be considered as an intrusion while a major NE-SW deep fault occurs eastern of Kribi.
Close inspection of the features on Figure 8 reveals that, the study area is affected by deep-seated structural lineaments oriented in the NW-SE, E-W and N-S directions. The NW-SE trend is strongly developed than the other identified trends. It could represent the prevailing tectonic trend in the area, and it could have played an important role in the formation of its tectonic framework.
In summary, there is: 1) a family of E-W, N-S, NE-SW and NW-SE structural features, which corresponds to contacts associated to several deep-buried faults (F1, F6, F8 and F9); and 2) circular structures interpreted as circular contacts (C1 to C4) or delineation of intrusive bodies (I).
The Euler Method
In this work, to enhance the estimation of the depth to basement solutions, the 3D Euler Deconvolution technique was performed on the Bouguer data in an attempt to find depth to basement of lineaments. The procedure is realised with a window size of 10 grid cells, a depth tolerance of 15% and, structural indices 0 and 0.5 to efficiently locate contact boundaries, faults and dykes. These structural index values are commonly used in gravity studies for that purposes [21] [43]- [47] . Bouguer map (Figure 3) for the SI value of 0. The structural interpretation map of the area (Figure 9) shows the different features affecting the area. The computational results reveal that the depths obtained range between 2 and more than 16 km. Outputs from the technique show that there are many linear segments trending in NW, NNW and N-S directions. While linear elements correspond to faults or basement fractures, curved elements express the presence of a probable deep contacts or geological boundaries. Most of these lineaments ( interpreted as F1', F2' and F9' faults) trends are consistent with some previous directions highlighted by the maxima of the horizontal gradient magnitude. The recorded depths (up to the [8 km -11 km] interval) show they could be considered as buried faults. In addition, Euler solutions show non-uniform depth distribution.
Euler solutions for the structural index 0.5 ( Figure 10 ) also show good clustering along the linear and circular segments which trend in the NW, NNW, NNE, E-W and N-S directions. There are many new structural features/ lineaments highlighted ( Figure 10 ). The depth estimates range from 2 km to 21 km for the subsurface structures.
Comparison of the two Euler Deconvolution solutions maps ( Figure 9 and Figure   10 ) enhances the delineation of most structural features. Lineaments L1 and L2 line up in the same direction as F2' and F1', while L7, L19 and L22 are superimposed on F3', F9' and F8' faults. These significant facts exhibit the real location and extension of these vertical-dipping features (L7 and L19, as well) which trend NW, NNE and N-S.
Discussion
The obtained Bouguer anomaly map (Figure 3 ) from the study area displays three main types of gravity anomalies over the study area: high, intermediate and low. The general disposition of anomalies on the Bouguer map ( Figure 3) shows a west-to-east decrease in the anomaly field values associated to a same trending decrease in density. It indicates that the formations to the west are denser than those to the east, as we move from the shore to the hinterland. The anomaly peak at Ma'an is affected by a NE discontinuity that can be interpreted as a lineament. Accordingly with [10] , this approximately NE discontinuity could be related to the existence of important NNE fault direction into which tectonic movements or geodynamic evolution would have been developed during different geological ages. In accordance with the results of [1] and [48] , it has been found that this regional field stress is in agreement with Eburnean orogeny trend. The same observation of the Bouguer gravity map tends to suggest the existence of NE-SW discontinuity between Akom II and Nyabessan. This is probably a shear zone or fault affecting the deep basement. The faulting that affects the deep basement herein is in accordance with results from [11] and [49] which confirmed the CC/NEFB collision and highlighted NE-SW and NW-SE lineaments in the basement, in an adjacent and more extended area east of the current study area. The gravity anomaly field herein may correspond to the signature of the Archaean basement of the study area. The intermediate gravity anomaly field domain narrows to the north at the vicinity of Bipindi and it is separated to the east by a NW-SE trending domain (herein referred to as the NE domain) of very low gravity values. As can be observed, the corresponding gravity anomalies correlate fairly well with the geology. In particular, the gravity lows fairly delimit the basin. The gravity data analysis enabled to highlight many NNE-SSW to N-S fractures and faults which are local relays of the Kribi-Campo Fault related to the Kribi Shear Zone, also recognized in [2] as the southern extend of the Eseka-Dja fault-line highlighted by [50] . In this study, the results (locations and depths) obtained from the analytical method were compared. The deep-seated structures, interpreted from different maps, are displayed in black lines. The horizontal gradient magnitude peaks were interpreted in two ways. The first interpretation correlates their arrangement with the edge of intrusive rocks, while the second correlates it with faults and fractures. Analysis of the whole map (Figure 7 ) highlights the existence of: 1) contacts and faults trending E-W, N-S, NE-SW and NW-SE, which are either deep and/or buried structures (F1, F6, F8 and F9); and 2) the circular features which may correspond to contacts (C1 to C4) or intrusive bodies (I). The E-W, N-S, NE-SW and NW-SE faults herein highlighted are in ac-cordance with those resulting from some aeromagnetic investigations over the Southern Cameroon by [51] and [52] , east of study area.
The 3-D Euler Deconvolution analysis clearly exhibits NW, NNW and N-S lineaments (either faults or contacts). The Euler's solution plots show non-uniform depth distribution, with estimates ranged from 2 km to 21 km which are in good correlation with the depth range obtained by [1] . Generally, Euler solutions for structural index values retained show good clustering along the NW, NNW, NNE, E-W and N-S directions, though the NW-SE trend is more developed than the other trends. This could represent a past prevailing tectonic trend in the study area. The study assumes this trend seems to correspond to a relay of the faulting related to the Equatorial Atlantic opening, in accordance with [18] .
The faults acknowledge the brittle tectonics that affects the Archean to Paleoproterozoic basement of the study area (which belongs to the Congo Craton). These were reactivated by neo and post Proterozoic activities. While the post Proterozoic NNE-SSW to N-S trends are correlated to the South Atlantic Ocean opening, in accordance with previous studies over southwest Cameroon. The present study argues that the NW-SE to E-W oriented structures also correlate with the opening of the Equatorial Atlantic Ocean. This is particularly strengthened by the fact that SW Cameroon seats on a triple junction defined by the West and Central Africa rifts systems.
Conclusion
The study investigated the structural features of the Kribi-Campo-Ma'an area in southwestern Cameroon by using the gravity method. The gravity dataset consists of a combination of both historic and new gravity measurements (collected in 2015). The study aims at improving the geological information in the area. The gravity data analysis enables to highlight many NNE-SSW to N-S fractures and faults which are local relays of the Kribi-Campo Fault related to the Kribi shear zone. The faults acknowledge the brittle tectonics that affects the Archean to Paleoproterozoic basement belonging to the Ntem Complex. These faults were reactivated by neo and post Proterozoic activities [11] [12] [49] [51] [52] . While the post Proterozoic NNE-SSW to N-S trends are correlated to the South Atlantic Ocean opening, in accordance with previous studies over south-west Cameroon, the present study argues that the NW-SE to E-W oriented structures also correlate with old faults reactivated during the opening of the Equatorial Atlantic Ocean [18] . In other words, though general believes relate post Panafrican tectonics in the area mainly to the break-up of the Congo-Sao Francisco craton, the breakup of the West Africa-South America should also be considered to affect the area. This is particularly strengthened by the fact that SW Cameroon, and the Kribi-CampoMa'an particularly, seats at the vicinity of a triple junction defined by the West and Central Africa rifts systems which affect the whole African plate.
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